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The Si( 111) surface treated in a saturated solution of NH,F has been investigated using 
photoemission spectroscopy with synchrotron radiation and surface infrared spectroscopy (SIS) 
in the multiple internal reflection mode. Photoemission and SIS data clearly demonstrate that 
the NH,F-treated Si( 111) surface is dominantly terminated with the monohydride Si (Si-H) 
oriented perpendicular to the surface and is free from silicon oxide. It is suggested that the 
absence of silicon oxide is closely related to the atomic flatness of this surface. 
I. INTRODUCTION 
For oxidation or silicon epitaxial growth in the fabri- 
cation of metal-oxide-semiconductor (MOS) devices, it is 
important to prepare a clean Si surface that is free from 
contaminations such as carbon, oxygen, or metal impuri- 
ties. In accordance with the development of high-density 
MOS devices, the atomic flatness of Si wafer surfaces also 
is becoming crucial to the performance of MOS devices. 
Treatment of Si in a dilute hydrofluoric acid (HF) solution 
has been widely used as a method of removing native ox- 
ides and forming a chemically passive surface. la2 In fact, it 
has been reported that Si surfaces after this treatment are 
dominantly terminated with Si-H bonds instead of Si-F 
bonds, and are chemically stable.3J Recently, however, it 
has been revealed6*7 using surface infrared spectroscopy 
(SIS) that the HF-treated Si surface is well ordered, but is 
microscopically rough. Quite recently, on the other hand, 
Higashi et al. a9 have shown using SIS and a scanning tun- 
neling microscope (STM) that treatment in basic solutions 
(pH=9-10) produces an ideally hydrogen-terminated 
Si( 111) surface which is atomically flat and has the ( 1 X 1) 
periodic structure. They concluded that the unsaturated 
dangling bond of each of the surface Si atoms is saturated 
with hydrogen to produce the monohydride Si ( Si-H) ori- 
ented normal to the surface. The treatment of Si in basic 
solutions, therefore, is a promising technique for cleaning 
Si surfaces. However, more information about the chemis- 
try of Si surfaces treated in basic solutions is needed for 
practical usage in the semiconductor industry. In particu- 
lar, it is important to examine whether native silicon oxides 
are present on this surface. Recently, Dumas and Chabal” 
have clearly shown with high-resolution electron-energy- 
loss spectroscopic measurements that Si surfaces after 
treatment in 40% NH,F solution (PH - 8) are completely 
terminated with hydrogen, with no detectable impurities 
such as oxygen, fluorine, or hydrocarbons. Burrows and 
Yota”‘r2 have also investigated Si and Ge surfaces after 
treatment with HF buffered with ammonium fluoride 
(BHF) using SIS, and revealed that the hexafluorometal- 
late compounds [( NH4),SiF6 and (NH,),GeFQI, which 
are completely insoluble in alcohols, are generated on the 
surfaces through the interaction of ammonium fluorides 
such as NH,F and NH4F*HF with the Si and Ge sub- 
strates. 
In this study, we investigate the Si( 111) surface 
treated in 40% NH,F solution, using both photoemission 
spectroscopy with synchrotron radiation (SR) and SIS in 
the multiple internal reflection mode. Note that photoemis- 
sion spectroscopy with SR in the vacuum-ultraviolet 
(VUV) region is extremely surface sensitive and therefore 
is effective for the detection of a small amount of silicon 
oxide on Si. We demonstrate that the NH4F-treated 
Si ( 111) surface is terminated with the monohydride Si ori- 
ented normal to the surface and is free from silicon oxide. 
II. EXPERlMENT 
Samples used were prepared from P-doped n-type 
Si( 111) wafers with a resistivity of approximately 100 
SL cm. Infrared-absorption measurements were performed 
in the multiple internal reflection mode.r3 The sample used 
for this measurement was 0.38X5X40 mm3 with 45” bev- 
els on each of the short edges. The infrared radiation exit- 
ing an interferometer (BOMEM MB-100) is focused at 
normal incidence onto one of the two bevels and propa- 
gates through the wafer, internally reflecting about 100 
times, then exits through the other bevel to be focused onto 
a liquid-nitrogen-cooled HgCdTe detector. Photoemission 
measurements were performed using an ultrahigh-vacuum 
(UHV) chamber with facilities for photoemission spec- 
troscopy, at the Synchrotron Radiation Laboratory of the 
Institute for Solid State Physics, the University of Tokyo. 
The base pressure of the UHV chamber was in the 10-r’ 
Torr range. SR emitted from a 0.4 GeV electron storage 
ring was used as a light source. The radiation was mono- 
chromatized with a grazing-incidence monochromator 
which covered the photon energy region of 40-140 eV. 
Photoelectrons were detected by a double-pass cylindrical 
mirror analyzer. The overall instrumental resolution of the 
measurement system was 0.43 eV. Photoemission spectra 
of the valence-band and Si 2p core-level regions were mea- 
sured at photon energies of 90 and 125 eV, respectively. 
Samples were treated as follows. First, the samples 
were chemically oxidized after the traditional RCA clcan- 
ing and subsequent de-ionized (DI) water rinse. The 
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FIG. 1. Polarized infrared spectra of Si-H stretching vibrations measured 
for the NI&F-treated Si( 111) surface. The resolution is 4 cm-‘. 
chemical oxidation was performed by immersing the sam- 
ples into a 1:l boiled solution of H2S04:H202 for 5 min. 
The infrared reflection spectra measured for the samples 
thus oxidized were used as the background reference spec- 
tra R,p After chemical oxidation the samples were rinsed 
in DI water and then dipped into a 40% NH,F solution for 
7 min for oxide removal and hydrogen termination of the 
surface. Immediately after the NH,F treatment, they were 
placed into a dry N2 environment to record infrared reflec- 
tion spectra R, or introduced into the UHV chamber to 
measure photoemission spectra. Note that in the present 
treatment, no DI water rinse was performed after the last 
etching step in N&F, as is the same in the case of Burrows 
and Yota.“” 
Ill. RESULTS AND DISCUSSION 
Figure 1 shows the internal reflection spectra of the 
Si-H stretch mode measured for the Si( 111) surface 
treated with a 40% NH,F solution. In this figure, the re- 
flectivity AR/R,., where AR = R - Rref, is shown for p- and 
s-polarization conditions. Under p-polarization condition, 
SGH stretching vibrations perpendicular to the surface are 
favorably excited, while the s-polarization condition favors 
the excitation of SGH stretching vibrations parallel to the 
surface.r3 We notice that an intense absorption band ob- 
served at 2083 cm-’ in the p-polarized spectrum is very 
weak in the s-polarized spectrum. Considering this polar- 
ization characteristic and the model calculations by Chabal 
et aZ.,7 we assign the absorption band at 2083 cm-’ as the 
monohydride Si (Si-H) oriented normal to the surface. As 
can be seen from Fig. 1, vibrational modes due to the di- 
hydride Si (Si-Hz) and trihydride Si ( Si-H3) configura- 
tions, which would appear on the high-wave-number side 
of the monohydride peak,6’7 cannot be identified. Thus we 
conclude that Si ( 111) surfaces treated in a saturated solu- 
tion of NH,F are dominantly terminated with Si-H bonds 
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FIG. 2. Valence-band photoemission spectrum of the NH,F-treated 
Si( 111) surface taken at a photon energy of 90 eV, compared with the 
theory (see Ref. 14). 
oriented perpendicular to the surface and are microscopi- 
cally flat. This is in agreement with the results of Higashi 
et aLa99 
Figure 2 shows the valence-band photoemission spec- 
trum of the same surface as Fig. 1, together with the spec-. 
tral curve calculated for the hydrogen-saturated Si( 111) 
surface.14 Binding energies are given with respect to the 
Fermi energy of a clean metal substrate.~ As can be seen 
from the figure, the agreement between the two spectral 
curves is fairly good. According to the model calcula- 
tions,‘4v’5 peaks labeled A and D are due to photoemission 
from the bulk silicon, and peaks labeled B and C mainly 
arise from the surface Si-H bond that is generated by 
terminating the dangling bond of a surface Si atom on 
Si( 111) with hydrogen. In addition, our photoemission 
spectrum is similar in the spectral feature to the spectra 
measured for the hydrogenated surface that is produced by 
exposing the annealed Si ( 111) -7 x 7 surface to atomic hy- 
drogen.14 Thus, the present photoemission data give fur- 
ther support to the conclusion that the NH,F-treated 
Si( 111) surface is terminated with the monohydride Si. 
Another important point about Fig. 2 is that the oxide- 
derived feature, which would appear around 7 eV binding 
energy, cannot be distinguished. This suggests that no na- 
tive silicon oxides exist on this surface. To make this point 
more clear, we plot in Fig. 3 the valence-band photoemis- 
sion spectra of the extended binding-energy region, mea- 
sured for Si( 111) and ( 100) surfaces treated in NH,F. In 
the spectrum of the NH4F-treated Si( 100) surface [Fig. 
3(b)], we can identify two oxide-derived features, i.e., 
peaks located at 7 and 25 eV binding energy, which corre- 
spond to photoemission from the valence orbitals of the 
0 2p character and the 0 2s shallow core level, respec- 
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FIG. 3. Valence-band photoemission spectrum of the NH,F-treated (a) 
Si(ll1) and (b) (100) surfaces. 
tively. This indicates that the Si( 100) surface treated in 
NH,F is slightly oxidized. In contrast, the spectrum of 
the NH,F-treated Si( 111) surface [Fig. 3(a)] apparently 
does not exhibit the corresponding oxide-derived features, 
which clearly indicates that there exists no silicon oxide on 
this surface. 
The absence of silicon oxide on the NH4F-treated 
Si( 111) surface .is also supported by the Si 2p core-level 
photoemission spectra as shown in Fig. 4. An intense peak 
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FIG. 4. Si 2p core-level photoemission spectra of the NH,F-treated Si 
surfaces taken at a photon energy of 125 eV: (a) Si( 111); (b) Si( 11 l), 
enlarged; and (c) Si( loO), enlarged. 
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FIG. 5. Infrared-absorption spectra measured for the NH,F-treated 
Si( 111) surface (a) before and (b) after annealing at 300 “C. 
observed at 99.5 eV binding energy is due to photoemission 
from the Si 2p core level of a Si atom in the bulk Si crystal. 
Due to the so-called chemical shift of the Si 2p core-level 
energy, oxide-derived features are known to appear at 
binding energies by up to approximately 4 eV higher than 
the bulk Si peak.‘&i8 In the enlarged spectrum of the 
NH4F-treated Si( 111) surface Fig. 4(b)], no spectral fea- 
tures can be seen in this energy region. For comparison, we 
show in Fig. 4(c) the enlarged spectrum of the same 
Si( 100) surface as in Fig. 3 (b). Unlike the spectra of 
Si( 111) shown in Figs. 4(a) and 4(b), we now observe a 
broad peak due to silicon oxide at a binding energy by 
approximately 3 eV higher than the bulk Si peak. Hence, 
we can conclude that no silicon oxide exists on the N’H,F- 
treated Si( 111) surface. 
As mentioned earlier, in the present study no DI water 
rinse was carried out after the last etching step in NH,F. In 
such a case, ammonium fluorides most likely remain left on 
the surfaces after treatment in NH F, 
4 
as previously dem- 
onstrated by Burrows and Yota.“” In fact, the infrared- 
absorption spectrum of the Si( 111) surface after NH4F 
treatment shown in Fig. 5(a) clearly exhibits two distinct 
absorption bands at 1400 and 3300 cm-‘, which corre- 
spond to the NH; asymmetric bending and stretching vi- 
bration, respectively. This suggests the presence of ammo- 
nium compounds such as NH,F on the surfaces and is 
consistent with the results of Burrows and Yota.11,12 How- 
ever, as is shown in the Si 2p photoemission spectra of Figs. 
4(a) and 4(b), no chemical shifts of the Si 2p core-level 
line were observed on the NH,F-treated Si( 111) surface. 
Furthermore, thermal desorption experiments have shown 
that by elevating the Si substrate temperature up to ap- 
proximately 300 “C! in vacuum, the NH:-related absorp- 
tion bands completely disappear while the Si-H absorption 
line remains, as is illustrated in Fig. 5(b). These facts in- 
dicate that the ammonium compounds are physisorbed on 
top of the hydrogen-terminated Si ( 111) surface. Then, is it 
possible that the spectral features appearing in the valence- 
band spectrum shown in Fig. 2 are due to those phys- 
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isorbed ammonium compounds? The answer is no. We ob- 
served that the infrared-absorption spectrum of the 
Si( 100) surface after NH$ treatment is similar to that of 
the Si( 111) surface shown in Fig. 5 (a), that is, it exhibits 
two distinct absorption bands at 1400 and 3300 cm-‘. This 
indicates that ammonium compounds also are physisorbed 
on Si( 100) surfaces after treatment in NH,F. However, as 
can be seen from Fig. 3, the valence-band photoemission 
spectra of the Si( 100) surface is quite different from that of 
the Si( 111) surface. We can therefore conclude that the 
spectral features in the valence-band spectrum of Fig. 2 are 
not attributed to the ammonium compounds physisorbed 
on the hydrogen-terminated Si( 111) surface. We think 
that during the photoemission measurement the ammo- 
nium compounds physisorbed on the surface have des- 
orbed by the irradiation of the incident VUV photons, 
In the spectrum of Fig. 5(a) there appear no absorp- 
tion bands due to the C-H stretching vibration, which 
would appear around 2900 cm-‘. This suggests that the 
hydrocarbon contamination level of the NH,F-treated 
Si ( 111) surface is very small. 
We finally consider the reason why silicon oxide is 
absent on the Si( 111) surface prepared in NH4F. We think 
this absence of silicon oxides is closely related to the flat- 
ness of the NH4F-treated Si( 111) surface. As mentioned 
above, silicon oxides were identified on the Si ( 100) surface 
after N&F treatment. Photoemission spectra measured for 
Si ( 111) surfaces treated in a dilute HF solution also dem- 
onstrated the presence of native silicon oxide. The point we 
want to emphasize here is that, in contrast to the NH,F- 
treated Si( 111) surface, these surfaces are atomically 
rough, as evidenced by our recent SIS measurements.” 
That is, the Si-H vibration spectra measured for the NH,F- 
treated Si( 100) surface exhibited the Si-H and Si-H, 
stretching vibration modes, beside the Si-H2 vibration 
mode. This implies that the surface is microscopically 
rough, since hydrogen termination of the ideal, atomically 
flat Si( 100) surface is expected to produce only the dihy- 
dride on the surface. The Si-H vibration spectra obtained 
for the HF-treated Si( 111) surface also showed all three 
vibrational modes of Si-H, StH,, and Si-H3.‘” This agrees 
with the results of previous SIS studies6’7 and indicates that 
the surface must be microscopically rough. From these 
facts we speculate that the formation of silicon oxide is 
favored on a rough Si surface. In fact, previous photoemis- 
sion studies2’ showed that oxidation of a Si surface prefer- 
entially proceeds through the Si02 island growth at step 
sites. In other words, we may say that if a Si surface were 
atomically flat, the formation of silicon oxides would be 
considerably retarded. Hence, we suggest that the atomic 
flatness of the Si( 111) surface prepared in NH4F is mainly 
responsible for the absence of silicon oxides. 
IV. CONCLUSION 
We have demonstrated with photoemission and SIS 
measurements that the NH4F-treated Si( 111) surface is 
terminated with the Si-H bond oriented normal to the 
surface and no silicon oxides are present on this surface. 
We suggested that the absence of silicon oxides is related to 
the atomic flatness of this surface. Also noteworthy is that 
an atomically flat, oxide-free Si( 100) surface cannot be 
obtained in NH,F, which is in contrast to the case of 
Si( 111). More elaborate studies would be needed for an 
understanding of the difference between the etching prop- 
erties of NH4F for Si( 111) and (100) surfaces. 
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